High-energy magnetic excitations in overdoped
  La$_{2-x}$Sr$_{x}$CuO$_{4}$ studied by neutron and resonant inelastic X-ray
  scattering by Wakimoto, S. et al.
ar
X
iv
:1
50
5.
03
94
5v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
15
 M
ay
 20
15
High-energy magnetic excitations in overdoped La2−xSrxCuO4 studied by neutron and
resonant inelastic X-ray scattering
S. Wakimoto,1 K. Ishii,2 H. Kimura,3 M. Fujita,4 G. Dellea,5 K. Kummer,6 L.
Braicovich,5 G. Ghiringhelli,5 L. M. Debeer-Schmitt,7 and G. E. Granroth8
1 Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
2 SPring-8, Japan Atomic Energy Agency, Hyogo 679-5148, Japan
3 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan
4 Institute for Materials Research, Tohoku University, Katahira, Sendai 980-8577, Japan
5 CNR-SPIN and Dipartimento di Fisica, Politenico di Milano,
Piazza Leonardo da Vinci32 I-20133 Milano, Italy
6European Synchrotron Radiation Facility, 6 rue Jules Horowitz, F-38043 Grenoble, France
7 Instrument and Source Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
8 Quantum Condensed Matter Division, and Neutron Data Analysis and Visualization Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Dated: September 24, 2018)
We have performed neutron inelastic scattering and resonant inelastic X-ray scattering (RIXS)
at the Cu-L3 edge to study high-energy magnetic excitations at energy transfers of more than 100
meV for overdoped La2−xSrxCuO4 with x = 0.25 (Tc = 15 K) and x = 0.30 (non-superconducting)
using identical single crystal samples for the two techniques. From constant-energy slices of neutron
scattering cross-sections, we have identified magnetic excitations up to ∼ 250 meV for x = 0.25.
Although the width in the momentum direction is large, the peak positions along the (pi, pi) direction
agree with the dispersion relation of the spin-wave in the non-doped La2CuO4 (LCO), which is
consistent with the previous RIXS results of cuprate superconductors. Using RIXS at the Cu-L3
edge, we have measured the dispersion relations of the so-called paramagnon mode along both
(pi, pi) and (pi, 0) directions. Although in both directions the neutron and RIXS data connect with
each other and the paramagnon along (pi, 0) agrees well with the LCO spin-wave dispersion, the
paramagnon in the (pi, pi) direction probed by RIXS appears to be less dispersive and the excitation
energy is lower than the spin-wave of LCO near (pi/2, pi/2). Thus, our results indicate consistency
between neutron inelastic scattering and RIXS, and elucidate the entire magnetic excitation in the
(pi, pi) direction by the complementary use of two probes. The polarization dependence of the RIXS
profiles indicates that appreciable charge excitations exist in the same energy range of magnetic
excitations, reflecting the itinerant character of the overdoped sample. A possible anisotropy in the
charge excitation intensity might explain the apparent differences in the paramagnon dispersion in
the (pi, pi) direction as detected by the X-ray scattering.
I. INTRODUCTION
High-temperature superconductivity in cuprates, such
as La2−xSrxCuO4 (LSCO) and YBa2Cu3O6+d (YBCO),
appears in the characteristic regime between the insu-
lating antiferromagnetic and overdoped metallic regimes.
Considering that the magnetic fluctuations play an im-
portant role in the superconductivity of these com-
pounds, describing the dynamical magnetic response in
the superconducting regime is an important issue.
It is well understood that the magnetic excitations
in undoped La2CuO4 (LCO) can be described by the
spin-wave theory with nearest-neighbor, next-nearest-
neighbor, and cycle-exchange terms.1 In contrast, neu-
tron scattering experiments have revealed a characteris-
tic magnetic excitation in the superconducting regime2,3:
an incommensurate magnetic signal apparently disperses
inward below a certain energy, Ecross, and then dis-
perses outward above Ecross.
4,5 This excitation, called
an “hour-glass” excitation, is observed in a wide dop-
ing range of LSCO from non-superconducting x = 0.03
(Ref. 6) to slightly overdoped x = 0.16.7 In the under-
doped region, the low-energy incommensurability and
Ecross increase linearly with doping.
6,8 The low-energy
incommensurate spin fluctuation appears up to the over-
doped region; however, its cross section decreases linearly
with superconducting transition temperature Tc as the
superconductivity decreases with overdoping.9–11 These
facts suggest that the hole doping strongly affects the
low-energy magnetic excitations and that they are closely
related to the superconductivity.
An alternative to neutron inelastic scattering for the
observation of single magnons is provided by the recently
developed resonant inelastic X-ray scattering (RIXS)
technique at the Cu-L3 edge.
12,13 In contrast to RIXS
with the Cu-K edge, which is more sensitive to charge
excitations triggered by the core-hole potential in the 1s
orbital, RIXS with the Cu-L3 edge can trigger a single
magnon excitation by the spin-orbit coupling of 2p or-
bitals.14 A systematic study of paramagnons by this tech-
nique using the hole-doped YBCO15 and LSCO16 family
compounds revealed that the dispersion relation along
the (pi, 0) direction above 150 meV is nearly independent
of the hole concentration in a wide doping range from the
undoped to the non-superconducting overdoped samples.
This fact is in sharp contrast to the neutron results in the
2low-energy region.
Because of the limited wave vector of incident pho-
tons at the Cu-L3 edge and relatively relaxed energy
resolution of 120 meV, compared with neutron inelas-
tic scattering, RIXS at the Cu-L3 edge is more appro-
priate for the measurement of magnon excitations above
100 meV dispersing from the (0, 0) position, where the
magnetic structure factor for neutron scattering is small.
In contrast, neutron scattering has a fine energy reso-
lution, typically a few meV, which makes it difficult to
observe high-energy magnetic excitation in doped sam-
ples, which is broad in energy, and consequently, neu-
tron inelastic scattering is suitable for the observation of
magnetic excitations below 150 meV, dispersing from the
antiferromagnetic (AF) zone center (pi, pi) for the doped
samples. Thus, RIXS and neutron inelastic scattering
measurements are complementary to each other.
In this paper, we report high-energy magnetic exci-
tations above 100 meV of overdoped LSCO studied by
both neutron inelastic scattering and Cu-L3 edge RIXS
using identical crystals for the two techniques. The over-
doped sample was selected such that we can also test the
doping independence of the paramagnon dispersion rela-
tion. The neutron scattering results of LSCO x = 0.25
indicate that the magnetic dispersion relation along the
(pi, pi) direction up to 250 meV reasonably agrees with the
spin-wave dispersion relation of LCO, which is consistent
with the doping-independence of magnetic dispersion re-
ported using RIXS. The Cu-L3 edge RIXS measurements
of the identical sample reveal that the dispersion along
the (pi, 0) direction is consistent with the LCO spin-wave
dispersion and previous RIXS results by Dean et al.16 us-
ing LSCO thin films. In contrast, the paramagnon near
(pi/2, pi/2) appears to be less dispersive and the excita-
tion energy near (pi/2, pi/2) is lower than the spin-wave
energy of LCO.
II. EXPERIMENTAL PROCEDURE
Single crystals of LSCO with x = 0.25 and 0.30 used for
the neutron and Cu-L3 RIXS measurements were grown
using the traveling solvent floating zone method. The
growth and post-annealing conditions are the same as
those described in Ref. 9. Single crystals of x = 0.25 were
used for the neutron measurements, and both x = 0.25
and 0.30 were used for the neutron inelastic scatter-
ing and RIXS. The crystal structures of x = 0.25 and
x = 0.30 are tetragonal with space group I4/mmm. In
the present study, we use the notation based on this
tetragonal structure. Therefore, the antiferromagnetic
wave vector (pi, pi) corresponds to (0.5, 0.5).
Neutron scattering experiments were performed using
the SEQUOIA chopper spectrometer17,18 at the Spalla-
tion Neutron Source (SNS) at Oak Ridge National Lab-
oratory (ORNL). Five single crystals of x = 0.25, with
volumes of ∼ 1.4 cm3, were co-aligned using a neutron
diffractometer installed at the CG-1B beam port of the
High Flux Isotope Reactor (HFIR) at ORNL before the
SEQUOIA measurements. The set of co-aligned crys-
tals was attached to the cold finger of a 3He closed cycle
refrigerator and set on the spectrometer. An incident
neutron Energy (Ei) of either 250 meV or 350 meV was
selected by the coarse resolution fermi chopper spinning
at 240Hz. For the 250meV and 350meV settings, the
T0 chopper was spun at 60Hz and 150 Hz, respectively.
For both conditions the c axis of the crystal was oriented
parallel to the incident beam. These experimental condi-
tions provides an energy resolution of 5 – 20 meV, and an
momentum resolution of approximately 0.03 A˚−1 along
the (pi, pi) direction for the energy transfer between 100
– 250 meV.
Cu-L3 edge RIXS experiments were performed using
the AXES spectrometer at the ID08 beam line of the Eu-
ropean Synchrotron Radiation Facility (ESRF). Crystals
of x = 0.25 and 0.30 were cut into disk shapes with the
c-axis normal to the disk surface. The x = 0.25 crystals
were cut from the same crystal rod used for the neutron
measurements. The crystals were pasted on a Cu plate
and attached to a refrigerator. Either the [1, 0] or [1, 1]
axis was set horizontal to enable the measurement of the
paramagnon dispersion along the (pi, 0) or (pi, pi) direc-
tion, respectively, by a horizontal rotation of the sam-
ple. The incident photon polarization was set either hor-
izontal (pi-polarization) or vertical (σ-polarization). The
combined (monochromator for incident photons, spec-
trometer for scattering photons) energy resolution was
∼ 290 meV. Beam aperture from the sample to the de-
tector is approximately 10 mRad, which leads to a mo-
mentum resolution of 0.004 A˚−1 with the photon energy
at Cu-L3 edge. The scattering angle was 130
◦. Individ-
ual RIXS spectra obtained after 5 min of accumulation
were summed for a total of 120 min at each q value and
polarization. The energy spectra were measured every
5◦ of sample rotation, corresponding to less than 0.05
reciprocal lattice units (r.l.u.).
III. NEUTRON SCATTERING RESULTS
Neutron magnetic cross-sections below 100 meV of
LSCO x = 0.25 have already been reported in Ref. 10.
Here, we focus on magnetic scattering in the energy range
above 100 meV to compare the paramagnon dispersion
measured by RIXS. The magnetic excitation signal in
the high-energy region becomes broad in energy upon
hole doping. Furthermore, the overall spectral weight in
the overdoped region is smaller than that in the under-
doped samples. Therefore, we utilized a relatively poor
energy resolution of 5 – 20 meV, for these measurements.
Figure 1 presents contour maps of neutron cross-sections
on the (H,K)-plane at energy transfers of 115, 145, and
205 meV. In Fig. 1 (a), a magnetic signal can be ob-
served near (0.5, 0.5), namely, the (pi, pi) position. This
signal appears to become more dispersed from the AF
zone center as the energy transfer increases.
3FIG. 1: (Color online) Contour maps of neutron scattering intensity in the (H,K) zone at (a) 115(±15) meV, (b) 145(±15) meV,
and (c) 205(±25) meV energy transfer. The antiferromagnetic zone center (pi, pi) corresponds to (0.5, 0.5) in this tetragonal
notation. Dashed arrows in (a) indicate trajectories of (H,H) and (H, 1 + H), on which intensity profiles are analyzed by
fits. The inset shows the scan area for neutron and RIXS. The gray area indicates the coverage of detector banks of the
neutron measurement that covers the antiferromagnetic zone center (pi, pi). Thick dashed lines indicate the trajectories of RIXS
measurements by rotating the sample.
To draw the magnetic dispersion, we analyzed intensity
profiles along the trajectories of (H,H) and (H, 1 +H)
across the two AF zone centers, namely (pi, pi) and
(pi, 3pi). These trajectories are indicated by dashed ar-
rows in Fig. 1 (a).19 We fit the profiles by a two-Gaussian
function, which is symmetric to the AF zone center. We
present select profiles with the results of the fits in Fig.
2 as a representative data set. Figures 2 (a) – (c) present
profiles around (pi, pi) at 115, 145, and 250 meV, and Figs
2 (d) – (f) present profiles around (pi, 3pi) at 115, 143, and
225 meV, respectively. Here, it is more clearly demon-
strated that the magnetic signals disperse outward as the
energy increases consistently at both AF zones.
The peak positions and full-width at half-maximum
(FWHM) values obtained by the fits are summarized in
Fig. 3 (a). Here, the closed symbols represent the peak
positions and the horizontal bars represent the FWHM
values. Because the analyzed scan trajectories are the
(H,H) directions, the peak positions correspond to the
magnetic dispersion relation along (pi, pi) from the mag-
netic zone center. The solid curved line is the spin-wave
dispersion along (pi, pi) of LCO referred from Ref. 1. The
observed magnetic peak is broad in q in this energy range;
however, the peak positions roughly follow the spin-wave
dispersion. This finding is consistent with the doping in-
dependence of the paramagnon dispersion observed using
RIXS for the (pi, 0) direction.
It is worth comparing the present data to the data
of LSCO x = 0.22 reported by Lipscombe et al.11 in
the same energy range (> 100 meV). Our results indi-
cate that the half-width at half-maximum (HWHM) is
∼ 0.21 A˚−1 for the profiles around (pi, pi) and ∼ 0.30 A˚−1
for those around (pi, 3pi). At this stage, the reason for
the difference in the different zones is unknown; however,
the values are apparently consistent with that of LSCO
x = 0.22. Lipscombe et al. reported that the width
κ suddenly increases to 0.3 r.l.u. above 70 meV. Note
that the functional form they used to analyze the data
is different from ours and that their κ is larger than our
HWHM by a factor of ∼ 1.6. Thus, the width of LSCO
x = 0.22 corresponding to our HWHM is ∼ 0.31 A˚−1,
which is in reasonable agreement with our values.
Next, we compare the dispersion relation. In Ref. 11,
the incommensurability δ, which approximately corre-
sponds to the peak position in our analyses, along the
(pi, 0) direction is reported. The open symbols in Fig.3
(b) show δ values of LSCO x = 0.22 between 80 and
160 meV together with the spin-wave dispersion of LCO
along (pi, 0)1. In contrast to the (pi, pi) direction data, the
peak positions along (pi, 0) of LSCO x = 0.22 clearly de-
viate from the spin-wave dispersion relation, although it
appears that the peak position approaches the spin-wave
dispersion of LCO as the energy increases. In the next
section, we present the Cu-L3 RIXS results and compare
these findings with the neutron results.
IV. Cu-L3 EDGE RIXS RESULTS
Cu-L3 RIXS profiles were measured using single crys-
tals of x = 0.25 and 0.30 at several q-positions between
(0, 0) and (pi, 0) and between (0, 0) and (pi, pi). Figure
4 presents contour maps of the RIXS intensity mea-
sured with the pi-polarization configuration. The inten-
sity is normalized by the integrated intensity of the dd-
excitation, which appears at ∼ 1.6 eV as a dispersionless
excitation. The contour maps clearly indicate dispersive
modes below 500 meV for both the (pi, 0) and (pi, pi) di-
4FIG. 2: (Color online) Neutron scattering profiles along tra-
jectories (H,H) and (H, 1+H) at selected energies. Red lines
are fits to a function containing two Lorentzians symmetric
to the AF zone center. Each Lorentzian component is shown
by a dashed line.
FIG. 3: (Color online) (a) Peak positions obtained by fits.
Vertical bars indicate the energy range of integration for the
data analyses, and horizontal bars indicate full widths at half
maximum of Lorentzian peaks. (b) Magnetic peak positions
of LSCO x = 0.22 measured by neutron referred from Ref.11.
In both figures, solid lines are the spin-wave dispersion of
non-doped LCO referred from Ref.1.
FIG. 4: (Color online) Contour maps of RIXS intensity for
x = 0.25 and 0.30. The high intensity at ∼ 1.8 eV is due to
the dd excitation. Dispersive feature below 0.5 eV is the para-
magnon. Solid dispersive lines are the spin-wave dispersion
of LCO. Solid circles indicate the peak positions of neutron
magnetic peak in Fig. 3.
rections. In the same figure, the spin-wave dispersion
of LCO is represented by solid lines, and the magnetic
peak positions determined by neutron inelastic scatter-
ing along the (pi, pi) direction are represented by circles.
Below, we compare these data in detail.
To evaluate the energy of the paramagnon modes, we
fit the RIXS profiles to a function containing a quasielas-
tic peak (containing an elastic peak and phonon exci-
tations), a paramagnon peak, and the tail of the dd-
excitation. The quasielastic and paramagnon peaks are
assumed to be Gaussian functions, and the tail of the
dd-excitations is assumed to be a squared-Lorentzian tail.
The quasielastic component is resolution limited, whereas
the magnon component is convoluted with the energy res-
olution of 350 meV. In a previous RIXS study of para-
magnons with better energy resolution of 130 meV, the
RIXS profiles were analyzed with more peak components
such as phonon and two-magnon components. In the
present study, the relatively broad energy resolution pre-
vents these lower energy modes from being distinguished;
however, the major paramagnon contribution should be
evaluated by the above analyses.
The results of the fits are summarized in Fig. 5. The
magnon component is indicated by the solid curves, and
the elastic component and tail of the dd-excitation are
represented by dashed curves. The magnon energies de-
termined by the fits of the RIXS data are represented
by the filled symbols in Fig. 6: circles (x = 0.25),
squares (x = 0.30), and diamonds (x = 0.26 referred
from Ref. 16). It is observed in Fig. 6 (b) that the present
data of x = 0.25 along the (pi, 0) direction are consistent
with the data of x = 0.26 reported by Dean et al.16 using
a thin-film sample. This fact indicates that our analyses
are valid, and importantly, the magnons are consistently
observable both in bulk crystals and thin films. Figure
6 demonstrates that the agreement between the para-
magnon energies, represented by solid symbols, and the
5FIG. 5: (Color online) Cu-L3 RIXS profiles. Data were an-
alyzed by fitting to a function contains two Gaussians: one
for magnon and the other for the E = 0 components, and a
squared Lorentzian describing the tail of the dd excitation.
The E = 0 component is assumed to have resolution width
0.35 eV, while the magnon component is convoluted by the
resolution. Thick solid lines are results of fits, thinner solid
lines are magnon components, and dashed lines represent the
E = 0 and dd-tail components.
spin-wave dispersion of LCO, represented by solid curves,
is excellent for the (pi, 0) direction, whereas it is some-
what poor in the (pi, pi) direction. The RIXS data in the
(pi, pi) direction appear to be less dispersive and tend to
be located at lower energies for q larger than (0.15, 0.15).
The data measured by neutron inelastic scattering are
also shown in Fig. 6 as open symbols. The data in Fig. 6
(a) are those of the present study and the data in Fig. 6
(b) are those of x = 0.22 by Lipscombe et al.11 It should
be noted that the RIXS data show the dispersion relation
from the (0, 0) position, whereas the neutron data from
the AF zone center (pi, pi) are shown in the inset of Fig. 6.
However, these data sets should be identical as long as the
antiferromagnetic correlation exists. In both directions,
the neutron and RIXS data connect with each other, thus
indicating the consistency between these two probes and
confirming that the spin excitation can be consistently
FIG. 6: (Color online) Paramagnon dispersions along (a)
the (pi, pi) direction for x = 0.25 (circles) and 0.30 (closed
squares), and those along (b) the (pi, 0) directions for x = 0.25
(circles) and for x = 0.26 thin film (closed diamonds) reported
in Ref.16. Neutron data in Fig. 3 are also shown by open
squares. Solid lines are the spin-wave dispersion of LCO. The
thick dashed and gray lines in the inset indicate q-trajectories
of dispersions measured by RIXS and neutron, respectively.
observed by both probes.
V. DISCUSSION
We have demonstrated that the magnetic excitations
of overdoped LSCO single crystals measured by neu-
tron and RIXS are qualitatively consistent with each
other and that the high-energy magnetic dispersion in the
(pi, 0) direction follows the spin-wave dispersion relation
of LCO in the energy range above 150 meV. This behav-
ior is consistent with the doping independence of magnon
dispersion observed by RIXS for hole-doped cuprate thin
films.15,16,20 The magnetic dispersion along (pi, pi) agrees
less with the spin-wave dispersion; however, the overall
energy scales roughly agree with the spin-wave disper-
sion. The present results are in contrast with the ex-
citations in electron-doped systems. By combining the
neutron inelastic scattering and RIXS results, Ishii et
al.
21 and Lee et al.22 have reported that the magnetic
excitation near the AF zone center becomes steeper as
doping increases and the overall excitation energy shifts
to higher energies with respect to the undoped system.
In contrast, our RIXS data for the (pi, pi) direction sug-
gest that the excitation energy near (pi/2, pi/2) might be
lower than the spin-wave energy. Such asymmetry be-
tween hole- and electron-doped systems is consistent with
the numerical calculation of the Hubbard model by Jia
et al.
23
6FIG. 7: (Color online) RIXS profiles measured with pi and σ
configurations at (0.26, 0.26) and (0.36, 0) corresponding to a
45-degree rotation of the sample from the specular orienta-
tion.
In addition to the qualitative consistency with the the-
oretical calculations, our RIXS data along the (pi, pi) di-
rection in Fig. 6 (a) agree less with the spin-wave dis-
persion than those along the (pi, 0) direction. Previous
RIXS studies of cuprates using thin films mostly focused
on the (pi, 0) direction and are consistent with the spin-
wave dispersion. Recently, Guarise et al.24 and Dean et
al.
25 reported that the RIXS profiles of Bi-based cuprates
along (pi, pi) exhibit anomalous softening or dispersionless
broad excitation. The present RIXS data along (pi, pi)
also appear to be less dispersive than those along the
(pi, 0) direction. In Fig. 7, we present a comparison of the
RIXS spectra with pi- and σ-polarization configurations
at the position where the sample is rotated by 45◦ from
the specular position. The data shows appreciable RIXS
intensities of the σ-polarization, which is even larger than
the intensities of the pi-configuration. Theoretical calcu-
lations based on a single Cu2+ ion where the valence
band has the x2 − y2 orbital symmetry indicate that in
our experimental geometry, the RIXS cross-sections with
and without spin-flip processes dominate the pi and σ
incident polarization configurations, respectively.14,26,27
Therefore, the results in Fig. 7 indicate that apprecia-
ble charge excitation exists in the same energy range of
magnetic excitation. These charge excitations may af-
fect the magnetic excitations, possibly in different man-
ners between the (pi, pi) and (pi, 0) directions, causing the
observed difference in the magnetic excitations. To ad-
dress this question, more precise RIXS measurements
with finer energy resolution and polarization analyses are
necessary to distinguish the magnetic and charge excita-
tions.
Remarkably, Fig. 7 shows that the RIXS intensity
of the σ-configuration is always higher than that of
the pi-configuration. This feature qualitatively resem-
bles the pi and σ-configuration data of electron-doped
Nd2−xCexCuO4 with x = 0.15 and 0.18 reported in
Ref. 21, but not those of the optimally hole-doped system
in Ref. 15. As discussed in Ref. 21, such a balance of the
pi and σ-configuration spectra suggests that the spin and
charge excitations are mixed because of itinerant char-
acter. This finding suggests that in the electron-doped
system, the itinerant character becomes stronger even at
the optimally doped level and the magnetic excitation
changes concomitantly, whereas in the hole-doped sys-
tem, the itinerant character slowly grows with doping,
and the high-energy magnetic excitation hardly changes
with doping. In contrast, our data indicates that the
overdoped x = 0.25 has itinerant character, but the mag-
netic excitation still remains mostly at the spin-wave dis-
persion of LCO. This fact suggests that the asymmetry of
the magnetic excitation between electron and hole-doped
systems is not simply due to the stronger itinerant char-
acter of the electron-doped system.
VI. SUMMARY
We have performed neutron and Cu-L3 edge RIXS
measurements of overdoped La2−xSrxCuO4 using iden-
tical single crystals. The combination of neutron and
RIXS indicates that both data sets are consistent with
each other and that the overall high-energy magnetic ex-
citation agrees with the spin-wave dispersion relation of
the parent compound La2CuO4 particularly in the (pi, 0)
direction, which is consistent with the previous RIXS
studies using thin-films. We also draw the magnetic ex-
citation above 100 meV in the (pi, pi) direction by the
complementary use of neutron and RIXS. The magnetic
excitation for the q values smaller than (0.15, 0.15) (r.l.u.)
measured by neutron inelastic scattering follows the LCO
spin-wave dispersion, whereas that for the q values larger
than (0.15, 0.15) (r.l.u.) measured by RIXS is apparently
less dispersive, and the excitation energy near (pi/2, pi/2)
is smaller than the LCO spin-wave excitation energy. The
polarization dependence of the RIXS spectra indicates
that appreciable charge excitations exist in the same en-
ergy range of magnetic excitations, which may affect the
magnetic excitation.
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